During apoptotic cell death, cellular stress signals converge at the mitochondria to induce mitochondrial outer membrane permeabilization (MOMP) through BCL-2 family proteins and their effectors. BCL-2 proteins function through protein-protein interactions, the mechanisms and structural aspects of which are only just being uncovered. Recently, the elucidation of the dynamic features underlying their function has highlighted their structural plasticity and the consequent complex thermodynamic landscape governing their protein-protein interactions. These studies show that canonical interactions involve a conserved, hydrophobic groove, whereas noncanonical interactions function allosterically outside the groove. Here, we review the latest structural advances in understanding the interactions and functions of mammalian BCL-2 family members and discuss new opportunities to modulate these proteins in health and disease.
Since the discovery of BCL-2 family proteins in the late 1980s, their mechanisms of action and interplay in apoptosis have been elucidated in exquisite molecular detail [6] [7] [8] . These proteins function through protein-protein interactions, which often involve allosteric control of their conformations and dynamics, that provide a molecular basis for understanding the signaling that evokes MOMP.(described later). Recently, the elucidation of the dynamic features underlying the function of these proteins has highlighted their structural plasticity and the consequent complex thermodynamic landscape governing their protein-protein interactions, which now include sparsely populated or "invisible" conformational states. Clarification of the molecular mechanisms of action of BCL-2 family proteins has fueled drug discovery efforts for their pharmacologic modulation, and related targeted therapies show great promise in the clinic [9] . Here we review the latest structure-based mechanisms furthering our understanding of mammalian BCL-2 family protein-protein interactions and allostery in MOMP and apoptosis and discuss new opportunities to modulate these proteins in health and disease.
A unified model of BCL-2 family protein-protein interactions
The mammalian B cell lymphoma-2 (BCL-2) protein family contains both pro-apoptotic and anti-apoptotic members. The family members BCL-2 antagonist killer 1 (BAK), BCL-2-associated X protein (BAX), and possibly BCL-2-related ovarian killer (BOK)-termed "effectors"-mediate MOMP, and the anti-apoptotic family members BCL-2, BCL-xL, BCL-w, Myeloid cell leukemia 1 (MCL-1), and BCL-2-related gene A1 (A1) inhibit it. The subfamily of BH3-only proteins (sharing only the third BCL-2 homology [BH] domain) function to regulate the other two classes by directly activating the pro-apoptotic effectors (e.g. BCL-2 interacting domain death agonist (BID), BCL-2 interacting mediator of cell death (BIM), and p53-upregulated modulator of apoptosis (PUMA)), or by blocking the activity of the anti-apoptotic proteins without directly engaging the pro-apoptotic effectors (e.g. BCL-2 antagonist of cell death (BAD), BCL-2 interacting killer (BIK), BCL-2 modifying feactor (BMF), harakiri (HRK), and Noxa) [6, 10] . The latter are known as derepressors or sensitizers because they disrupt existing anti-apoptotic complexes or occupy binding sites in anti-apoptotic proteins, respectively, without directly causing MOMP. Homology analyses revealed that effector and anti-apoptotic BCL-2 proteins share 4 BH regions (BH1-4), resulting in high structural homology throughout their globular folds that we refer to as the BCL-2 core (Box 1). With the exception of BID [11] , BH3-only proteins lack a globular fold and are intrinsically disordered [12] .
The anti-apoptotic BCL-2 family proteins function by antagonizing the pro-apoptotic direct activator-effector MOMP axes through protein-protein interactions [13] . Depending on the cellular stress, anti-apoptotic BCL-2 proteins may inhibit direct activator BH3-only proteins (Mode 1), activated effector BCL-2 proteins (Mode 2), or act by both mechanisms. The relative extent of either inhibitory mode is largely governed by the relative affinities associated with the different BCL-2 family protein partnerships (discussed later). The proapoptotic role of derepressor/sensitizer BH3-only proteins is to antagonize the anti-apoptotic BCL-2 proteins by competing for a common site engaged by virtually all pro-apoptotic proteins, thereby relieving inhibition of direct activator-effector MOMP interactions [6] .
Based on the above classification, we offer a unified model for BCL-2 family function in MOMP (Figure 1 , Box 1).
Plasticity of BCL-2 family proteins
An emerging feature of protein-protein interactions between BCL-2 family members is the functional role of structural plasticity, which may be categorized into 'canonical' and 'noncanonical' interactions based on the engagement or lack thereof of the BH3 and C terminus binding (BC) groove. This is a conserved, hydrophobic groove on the surface of the BCL-2 core, demarcated on one face of the globular domain by the BH1-BH3 regions (Box 1). Canonical interactions at the BC groove involve binding of BH3 ligands to form heterodimeric or homo-oligomeric complexes. Non-canonical interactions outside the BC groove can allosterically activate or inhibit effectors, mediate effector oligomerization, modulate the affinity of BH3-only proteins for the BC groove of anti-apoptotic binding partners, or control interactions with binding partners outside the BCL-2 family.
Canonical BC groove mechanisms
Anti-apoptotic and effector BCL-2 family proteins canonically bind the BH3 regions of proapoptotic proteins at the BC groove, as originally illustrated for the anti-apoptotic complex of BCL-xL and a BAK BH3 peptide [14] (Box 1) and recently for the pro-apoptotic complexes of BAK [15] or BAX [16] and a BID BH3 peptide. The similarities and differences in the BC grooves and their interactions with BH3 ligands correlate with the biological functions of BCL-2 family proteins. Structural features of the BC groove dictate the specificities of effectors for direct activators, and of anti-apoptotic BCL-2 proteins for different BH3 ligands (discussed later). Moreover, the BC groove of effectors may mediate one of several types of oligomeric interactions relevant to MOMP.
BC groove-mediated effector activation
BCL-2 family proteins, including the effector BAK, constitutively target the outer mitochondrial membrane (OMM) through a hydrophobic helix C-terminal to the BCL-2 core (labeled TM in Figure 2 , and in Figure I of Box 1). By contrast, BAX is primarily localized in the cytosol and requires a preliminary step during activation to help target it to the OMM [17] . Currently, the preferred model for this step involves engagement of a non-canonical site on a surface of the BCL-2 core of BAX that is opposite to the BC groove, which induces OMM targeting by the C-terminal helix α9 (described later) [18] . To perhaps antagonize this preliminary step, in healthy cells BAX is constantly retro-translocated from the mitochondria to the cytosol by anti-apoptotic BCL-2 family proteins; consequently, it resides primarily in the cytosol [19] .
Although the details of effector activation may differ, BAK and BAX follow a similar activation mechanism requiring engagement of the BC groove by direct activator BH3 helices. This was determined using solution NMR spectroscopy between the BCL-2 core of BAK and BID BH3 [15] , but had been previously suggested by several studies [20] [21] [22] [23] [24] . In the complex with BID BH3, the BC groove of BAK undergoes a transition from an occluded conformation in its unbound state to an open conformation to accommodate binding of the activator BID BH3 with moderate affinity (K d ~ 10 µM; Figure 2 ). Similarly, a complex between the BCL-2 core of BAX and BID BH3, captured in a domain-swapped BAX homodimer, revealed a subtle apo-to-bound conformational transition at the BC groove of BAX (Figure 2 ) [16] . How BH3-only proteins other than BID and BIM engage the canonical BC groove of the effectors remains to be elucidated structurally, but PUMA, BMF and Noxa were proposed to act as weak direct activators [20, 23, [25] [26] [27] [28] . These observations illustrate the plasticity of BCL-2 family proteins.
BC groove effector oligomerization
Though stable direct activator-effector complexes form between truncated proteins in the absence of the OMM [15, 16] , these may reflect "trapped" states and the effector structure is likely to be different in the presence of the OMM [29] . As we currently lack a highresolution structure of activated effectors engaging the OMM, our current model for this process was compiled from extensive biochemical evidence and one low-resolution crystal structure of a truncated, BC groove-containing form of BAX (Figure 2 ). This model predicts that in the presence of the OMM, conformational changes destabilize the activated BCL-2 core revealing effector conformations with an energy landscape reminiscent of partially disordered proteins (summarized in Figure 2 ). The conformational transitions have been characterized through stabilization with antibodies recognizing N-terminal and BH3 epitopes [30] [31] [32] , binding of the exposed effector BH3 region with anti-apoptotic BCL-2 proteins, limited proteolysis to map stable fragments of on-activation-pathway effector intermediates [13] , and extensive mutagenesis to accompany related studies. For BAK, the evidence suggests permanent N-terminus exposure and transient BH3 exposure. Following the initial conformational changes within a monomer, a "BH3-into-BC groove" symmetric homodimer forms for both effectors and buries the transiently exposed BH3 [30, [33] [34] [35] . The BH3-into-BC groove homodimer, captured in the minimal BH3-into-groove crystal structure of truncated BAX, resembles a canonical BH3-BC groove interaction (Figure 2 ) [16] . We cannot predict exactly how regions of this minimal BH3-into-groove homodimer, determined in the absence of membranes, may alter the OMM, or how it assembles in the context of the full-length protein. A previous study suggested that a similar minimal core induces apoptosis when targeted to the OMM using helix α9 [36] and a recent study detailing BAK oligomerization by electron paramagnetic resonance indicated that BAK may form a similar BH3-into-groove homodimer [37] . Intriguingly, one face of the BH3-intogroove dimer is enriched in hydrophobic residues and may displace lipids in the outer bilayer, thus destabilizing the local OMM. Downstream of the BH3-into-groove interface, biochemical evidence suggests that helix α6 on the opposite face of the BC groove may mediate a non-canonical oligomerization interface, but high-resolution details are not available [38, 39] . Additionally, membrane topology-mapping studies suggest that helices α5, α6 and α9 of BAX are inserted into the membrane, raising the possibility of multiple intermediate conformations governing effector-mediated MOMP [40] . Although the BH3-into-groove dimer supports a non-proteinaceous, lipidic MOMP pore [16] , gel filtration chromatography studies have suggested that a proteinaceous effector oligomer of about 20 monomers may resemble the putative MOMP pore (Figure 2 ) [23, 33, 41] , although much larger oligomers have been postulated from confocal microscopy studies of MOMP [42] . Irrespective of the actual size of the effector oligomers, one possibility is that they consolidate local perturbations of the OMM lipid structure to create a large lipidic pore, ultimately responsible for MOMP and the release of inter-membrane proteins.
Disorderly engagement of the BCL-xL BC groove by PUMA
Though extensive allosteric plasticity is critical for the activation of effector BCL-2 proteins, interplay between binding events, protein conformations and conformational dynamics appear to also play regulatory roles in anti-apoptotic BCL-2 proteins. The BH3-only protein PUMA, a transcriptional target of p53, directly regulates the transcription-independent, cytosolic, pro-apoptotic function of p53 [43] . PUMA, uniquely among the BH3-only proteins, is capable of binding BCL-xL, releasing cytosolic p53 from an inhibitory complex with BCL-xL through a dynamic allosteric mechanism [44] . A critical Trp residue within the BH3 region of PUMA engages a His residue in helix α3 of BCL-xL to induce unfolding of this region of BCL-xL, thus disrupting a significant portion of the BCL-xL interface with p53. In this regulatory context, the plasticity of BCL-xL α3 is exploited to allow simultaneous interaction of BCL-xL with p53 and BH3 binding partners. Only the BH3 region of PUMA, in an exquisitely specific fashion, triggers extensive unfolding of this segment and thus prevents p53 engagement. The PUMA-unleashed p53 then acts as a noncanonical (because it does not contain a BH3 region) direct activator of BAX [45] or BAK [46] .
More generally, a repositioning of helix α3 away from helix α4 constitutes the main conformational rearrangement that leads to the opening of the BC groove upon BH3 ligand binding to anti-apoptotic BCL-2 proteins [6] . The plasticity of this segment appears, therefore, to play a role in determining the specificity and affinity of anti-apoptotic BCL-2 proteins to different BH3 partners. Additionally, as in the case of the BCL-xL interaction with PUMA, the plasticity of this segment contributes to their functional regulation. It is fascinating that regulatory structural rearrangements occur within the same two helices within the BC groove of both the anti-apoptotic and effector BCL-2 family proteins, despite the different structural and functional outcomes of these interactions. Arguably, the overall fold of multi-domain BCL-2 proteins may have evolved to confer a 'built-in' malleability within this region that allows for diverging modes of regulation and therefore functional outcomes. The fact that extensive structural rearrangements, though incompletely understood at present, are essential for the critical function of MOMP may have imposed structural plasticity in an ancestral molecule and this feature, through evolutionary diversification, persists within many BCL-2 protein family members.
Molecular basis of BH3 specificity for BC groove
Structure-function studies have elucidated the molecular basis for recognition of BH3 regions of pro-apoptotic proteins by the BCL-2 core of anti-apoptotic [6, 47] and effector BCL-2 family proteins [15, 16] . The minimal (4-5 helix turns) and extended (>6 helix turns) BH3 region binds similarly to the BC groove of BCL-2 family proteins for all tested pairs. Both hydrophobic and hydrophilic/electrostatic contacts define the selectivity and specificity of BH3-BC groove complexes (Figure 4 ). This mode of interaction provides an explanation for 1) the selectivity of anti-apoptotic BCL-2 family proteins for derepressors/sensitizers, illustrated here by the BAD BH3-BCL-xL and Noxa BH3-MCL-1 complexes [48, 49] whereby BAD BH3 is a low affinity ligand for MCL-1 and Noxa BH3 for BCL-xL; 2) the specificity of these anti-apoptotic proteins for the effector proteins, illustrated by the BAX BH3-BCL-2 complex [50] , whereas BAK BH3 does not bind BCL-2; and 3) the promiscuity of direct activator BH3-only proteins for anti-apoptotic and effector BCL-2 family proteins, illustrated by complexes between BID BH3 and MCL-1, BAK and BAX (Figure 4) [15, 16, 51] , wherea derepressors/sensitizers do not engage the effectors. Structural clashes inferred from the available BH3-BCL-2 core complex structures provide a structural explanation for the low-affinity pairs. The role of the clashes in determining specificity was verified by switching clashes to permissible interactions by mutagenesis, which in most cases conferred binding in otherwise non-interacting BH3-BCL-2 core pairs. Moreover, in several instances the minimal BH3 regions required for binding have been identified. Interestingly, the effectors BAK and BAX require, respectively, a C-terminal and N-terminal extension to the overlapping BID BH3 as a minimal region for their activation ( Figure 4) . As discussed later, this difference may be exploited to design effector targeting compounds. With the available structures of BH3-BCL-2 core complexes, we can, in principle, predict permissible interactions or clashes for all possible pairs. This type of analysis recently revealed why BAD and NOXA BH3, which clash with the BC grooves of BAK and BAX, are not direct activators of the effectors. Mutagenesis to eliminate the clashes and convert the BAD and NOXA BH3 regions into direct activators, confirmed this analysis (Figure 4 ).
Non-canonical BC groove mechanisms SAHBed in the BAX
The initial steps of BAX activation implicate a transient "hit and run" mechanism originally proposed by the Korsmeyer laboratory studying the BID-BAK axis [24] . Based on observations that oligomeric BAK did not remain associated with activator BID, this hitand-run model postulated that BID dissociates after inducing the active BAK conformation. At the molecular level, interactions by activator BH3 domains occur first at a non-canonical site [18, 52, 53] , and then at the BC groove [16] . In BAX, the C-terminal helix α9 uniquely occupies the BC groove generally exploited for BH3 domain interactions [54] and it is displaced during activation to target BAX to the OMM. Specifically, the BH3 domain of BIM [18, 55] and probably that of BID [27, 56] can interact with an interface formed between helices α1 and α6 of BAX (Figure 2a ) on the face opposite to the BC groove and, through a presumed allosteric mechanism, induce the displacement of helix α9. Recently, a similar activation mechanism has also been reported for the BH3 domain of PUMA [57] . The weak and transient nature of non-canonical native activator BH3-BAX complexes have evaded structural analyses. A breakthrough to aid these analyses was the use of covalently stabilized, or "stapled", α-helical peptides of BCL-2 proteins (SAHBs), which were adopted to minimize the entropy loss associated with folding-upon-binding into α-helices,. This in turn increased the affinities of BH3-effector interactions compared with their endogenous counterparts [58] .
p53: the non-canonical effector activator
How proteins other than the known direct activator BH3-only proteins, BID, BIM and PUMA exploit effector activation remains to be characterized. A likely candidate is p53, which activates BAX-and BAK-dependent MOMP. p53-dependent direct activation of BAX [45] and BAK [46] is not mediated by a BH3 region in p53, because p53 does not contain such region, and may therefore be achieved through non-canonical mechanisms. Although awaiting structural characterization, ample biochemical and genetic evidence supports this alternative mechanism of effector-mediated MOMP. BAX activation by p53 was abrogated upon ablation of the proline rich region between the transcriptional activation and DNA binding domains of p53 [45] . This p53 segment may activate BAX directly or favor a suitable spatial organization of neighboring domains to trigger BAX activation via a transient interaction [45] . The interaction between BAK and p53 is primarily meditated by the DNA binding domain of p53 [59, 60] .
While p53-mediated direct activation of BAX [37] and BAK [38] has been experimentally observed in cells and in cell-free conditions without a requirement for p53-induced transcription [61] , it should be noted that mutants that discriminate these activities of cytosolic p53 from transcriptionally active p53 have not yet been identified. Furthermore, the specific cellular signals that regulate the relative contributions of "cytosolic" or "nuclear/ transcriptional" p53 to the induction of apoptosis remain unknown [62] . The relative extent to which the cytosolic activity of p53 function physiologically therefore remains controversial [63] .
Allosteric regulation of the PUMA-BCL-xL-p53 complex
The complex between BCL-xL and p53 constitutes another example of a non-canonical interaction with a BCL-2 core. The DNA binding domain (DBD) of p53, characterized by a positively charged surface, interacts with a negatively charged lobe of BCL-xL comprising the C terminus of helix α1 and the two short loops connecting helices α3 and α4 and helices α5 and α6 (Figure 3) [59, 64, 65] . Similar features appear to characterize the interaction between the DBD of p53 and BCL-2, which is structurally similar to BCL-xL [66] .
The structural plasticity displayed in various binding contexts by helix α3 of BCL-xL is exploited in formation of the complex between BCL-xL and the p53 DBD. Specifically, the BCL-xL helix α3 segment adopts conformations that both optimize its contact interface with p53, yet simultaneously are compatible with the binding of BCL-xL to BH3-only proteins other than PUMA [64] .
The intrinsically disordered N-terminal transcriptional activation domain of p53 has also been shown to weakly interact with the BC groove of BCL-xL [67, 68] and MCL-1 in a noncanonical fashion. The first and second transcriptional activation domains of p53 engage the BC groove as helices in an orientation opposite to that of canonical BH3 partners [67] [68] [69] . Given the weak nature of these complexes, their specific biological function remains unclear.
Viral solutions to effector inhibition
Several viruses inhibit BAK-and BAX-dependent apoptosis to prevent premature selfclearance of infected cells and favor their own replication [70, 71] . The anti-apoptotic functions of viral proteins rely on blocking BAK or BAX activation by direct interaction with these proteins [72, 73] . Although most inhibitors follow canonical BH3-into-BC groove inhibitory mechanisms and can inhibit BH3 regions of BCL-2 family activators and effectors [74] , some viral inhibitors engage different sites on the effectors, thereby preventing their activation. The atypical complex between BAX and the viral mitochondrialocalized inhibitor of apoptosis protein (vMIA) involve a short amphipathic, positively charged helix that engages a negatively charged lobe of BAX comprising the loops connecting helices α3 and α4 and helices α5 and α6 [75] . Intriguingly, this interaction is reminiscent of BCL-xL-p53 interaction (described earlier), suggesting the possibility of a conserved noncanonical interaction mode exploited in patho-physiology.
In summary, the difference between canonical and non-canonical interactions may be generally explained by the extensive hydrophobic nature of the former, where both the BH3 ligand and BC groove provide broad surface complementarity expanded on the periphery by hydrophilic interactions that define specificity. On the other hand, in non-canonical complexes the BCL-2 core may assume the role of a versatile protein-protein interaction domain by exploiting surfaces outside the BC groove.
Drugging BCL-2 family proteins BC groove drugs
Since the early 2000s, significant progress has been made toward the pharmaceutical targeting of BCL-2 family proteins [9, 76] . Small molecule BH3-mimetic inhibitors of antiapoptotic family members including BCL-2, BCL-xL, and BCL-w [77] [78] [79] were designed to prevent anti-apoptotic BCL-2 proteins from sequestering pro-apoptotic family members, thereby acting as mimetics of derepressors/sensitizers ( Figure 5 ). The original BH3 mimetic ABT-737 was generated based on screening and binding characterization of weak binding small molecule "fragments" using NMR spectroscopy. Larger molecules were then synthesized by structure-based drug design from these fragments [80] . ABT-737 engages multiple sites within the BC groove of BCL-xL or BCL-2 and was later improved to a bioavailable analogue, ABT-263 (navitoclax) (Figure 5 ) [81] [82] [83] . Clinical studies with ABT-737 and ABT-263 as single agents in chronic lymphocytic leukemia have been encouraging [84] . Moreover, these compounds synergize in combination with experimental drugs that cause additional cellular stress and have shown efficacy for a broad spectrum of BCL-2 and BCL-xL-dependent malignancies [85, 86] . A notable side effect has been the depletion of blood platelets, or thrombocytopenia, which has been associated with targeting of the BCL-xL-BAK axis, which is essential to platelet survival [83] . To circumvent this specific toxicity, a potent BCL-2-specific inhibitor, ABT-199, was developed by further refining the ABT-263 scaffold using a structure-guided approach ( Figure 5 ). ABT-199 does not cause side effects related to thrombocytopenia [87, 88] and showed therapeutic promise against diverse forms of cancer [89, 90] . A BCL-xL-specific compound, WEHI-539, which targets similar hydrophobic pockets as the ABT compounds, was recently described [91] .
The evolution of BH3 mimetics of BCL-2 family proteins highlights how detailed structural knowledge of the various anti-apoptotic proteins and subtle variations in the specificities of their interaction with BH3 partners were harnessed for the development of specific small molecule inhibitors [92] . Furthermore, the toxicity of ABT-737 and its elimination in ABT-199 provide an example of how the selective modulation of BCL-2 family proteins by small-molecules may find valuable applications as discovery tools for selectively revealing the in vivo functions of these proteins.
Drugging allosteric conformational transitions
The allosteric conformational transitions associated with BCL-2 family effector activation have provided new opportunities for drug discovery. The effectors may, in principle, be triggered by compounds that mimic the direct activator BH3 domains during scenarios in which the endogenous direct activators are expressed at low levels, as documented for several types of tumors ( Figure 5 ) [93, 94] , or the mitochondria are not primed for apoptosis [95] . Alternatively, susceptible tissues, such as the gut and lung epithelia, may benefit by protection against MOMP during general chemotherapy and radiation therapy protocols (Figure 5) . Inhibition of effector activation may also be beneficial in limiting the consequences of ischemic cell death during stroke [96] . Effector-mediated MOMP may be blocked with inhibitory BH3 mimetics targeting their BC groove or with molecules targeting non-canonical sites (e.g. vMIA mimetics). Small molecule activators and inhibitors could theoretically be designed for all of the hotspots associated with the intermediates of the effector activation mechanism. However, in the absence of structures of effector intermediates in membranes, the best targeting site for activation and inhibition remains their BC groove [15, 16] . Pertinent to BAX modulation, the non-canonical trigger site opposite the BC groove may provide an additional targeting site [18, 97] . This, however, has repercussions for the BAX targeting strategy either as a single agent or as a combination of two different agents that engage this site and the BC groove exclusively. This challenge may be circumvented with BH3 mimetics, such as the BIM, BAX and PUMA SAHBs, which have the capacity to engage both sites [18, 55, 57, 58] . A major drawback of this strategy, however, may be that SAHBs are relatively plasma membrane impermeable and therefore may not reach their in vivo targets in a wide variety of tumors [98] . Nonetheless, advances in the delivery of SAHBs to the target tumor sites may revolutionize their use as drugs [58] . In the near future, we ultimately envision modulation of BCL-2 family-mediated apoptosis in pathophysiology by a combination of a compound that mimics direct activator BH3-effector interactions with another that mimics derepressor/sensitizer BH3-anti-apoptotic BCL-2 family protein interactions-the apoptotic "double whammy."
Concluding remarks
Most of the key members of the mammalian BCL-2 family proteins, including the effectors BAK and BAX, the promiscuous direct activators BID and BIM, the anti-apoptotic BCL-2, BCL-xL and MCL-1 and the classical derepressor/sensitizer BAD as reviewed here, are now well understood genetically, biochemically and structurally,. Remaining unknowns in this regard include elucidating the definitive function of BH3-only proteins claimed to act as borderline direct activators, including PUMA, Noxa, and others, and how non-BCL-2 family proteins can activate the effectors. A major knowledge gap is the lack of mechanistic understanding of the molecular events involving protein-protein and protein-lipid interactions that mediate MOMP. Multidisciplinary research focusing on BCL-2 family protein interactions in the presence of membranes, involving reductionist approaches using reconstituted membrane systems and others involving measurements in live cells [29, 99] , seeks to fill this gap. In particular, how the BCL-2 family effectors, induce MOMP remains to be addressed. Moreover, how the interactions of full-length BH3-only proteins with globular BCL-2 family members compare with those of their truncated counterparts, typically encompassing BH3 peptides, needs further exploration and verification. Targeting strategies for MCL-1, the anti-apoptotic family member conferring resistance to cell death in cancer [100] , are also lacking. Genetic ablation of this family member results in the most severe phenotypes in mice [101] , thus there are adverse toxicity considerations. These concerns are compounded because MCL-1 has a BC groove that remains refractory to drug discovery efforts to identify highly specific inhibitors, mainly due to its lack of plasticity [102] . Nonetheless, anti-cancer drug discovery efforts to directly target effectors holds the promise of ultimately directly manipulating the BCL-2 family proteins with small molecules and bypassing the potentially deleterious effects of their indirect activation through chemotherapy and radiation therapy. Beyond understanding and manipulating the key members through reductionist mechanistic investigations, which inarguably have been tremendously illuminating, the next phase in BCL-2 family research will aim to decode their interactions with the proteome, lipidome and metabolome, which has the potential to not only fine tune their activity but also to reveal uncharacterized critical regulators, such as additional direct activators and non-canonical modulators.
Box 1. BCL-2 family proteins uncut
The BCL-2 family of proteins control mitochondrial apoptosis through a tightly regulated system of checks and balances mediated by direct binding interactions between proapoptotic and anti-apoptotic members [6, 7, 104] . The three classes of pro-apoptotic proteins are the effectors, the direct activators and the deprepressors/sensitizers ( Figure  I ). All activators share only the BCL-2 homology region 3 (BH3-only) and with the exception of BID are intrinsically disordered. The effectors and anti-apoptotic proteins share 4 BCL-2 homology regions, BH1-BH4, numbered chronologically based on their identification (see scheme). Anti-apoptotic BCL-2 proteins and the effectors BAK [22] and BAX [54] are characterized by a common fold referred to as the BCL-2 core. It consists of a bundle of eight α-helices that forms a solvent-exposed hydrophobic groove between helices α2-α5 capped by a short C terminal helix α8 [65, 105] . This groove contains residues from the BH1-BH3. We dubbed this groove the BC groove because it binds the BH3 region of binding partners and the C-terminal transmembrane targeting region, as elucidated in the structures of BAX and BCL-w [6] . The activator protein BID [11] displays a similar architecture. Note that the BH3-only proteins BID, BIM, and PUMA exhibit features of both direct activators and derepressors/sensitizers, depending upon experimental setting.
The BC groove of all BCL-2 cores, except that of BID, function by binding BH3 domains of interacting partners similar to the original complex of BCL-xL-BAK BH3. A BH3 domain engages hydrophobic pockets in the BC groove with up to seven hydrophobic residues adopting a helical conformation even when derived from intrinsically disordered family members [65] . These domains exhibit a homologous central segment spanning 3-4 α-helical turns containing conserved Leu and Asp amino acids. When engaged in complexes, the conserved Leu is deeply buried within the hydrophobic BC groove of the anti-apoptotic globular binding partner, and the Asp forms a salt bridge with a conserved Arg located at the N terminus of helix α5 [65] . Outside this region, the BH3 sequence is more divergent and undoubtedly plays a role in the specificity and selectivity for BC grooves within the different multi-BH region family members. The derepressor/sensitizer BCL-2 proteins behave structurally very similarly to the direct activator BIM with a disordered to helical transition of the BH3 upon engagement of anti-apoptotic BCL-2 proteins [6] . The difference is that they are unable to engage and directly activate the effectors.
Highlights
Binding-induced conformational transitions within BCL-2 family proteins regulate apoptosis.
Canonically and non-canonically ligand binding occurs at the globular BCL-2 cores.
Allosteric activation of BCL-2 effectors initiates mitochondrial outer membrane permeabilization (MOMP).
PUMA-induced unfolding of BCL-xL releases p53 to trigger BCL-2 effectors and MOMP. Cell extrinsic and intrinsic cellular stress engages mitochondrial apoptosis through BCL-2 family proteins, which regulate mitochondrial integrity, as shown on the right side of the figure. The extrinsic stress pathway is mounted by ligand binding of death receptors at the plasma membrane resulting in caspase 8-mediated activation of BID (not shown). The intrinsic pathway is poorly characterized in different cell types upstream of BH3-only proteins, and depending on the stress its engagement results in heterogeneous upregulation of BH3-only activities. For example, BIM is upregulated in response to kinase inhibitors and microtubule stabilizing drugs [103] . When the stress activates enough of the pro-apoptotic BH3-only proteins to overcome the anti-apoptotic response, the effectors BAK and BAX are directly activated by BID, BIM, and potentially other BH3-only proteins, and form pores in the outer mitochondrial membrane (OMM) releasing cytochrome c (cyt c), a process known as the mitochondrial outer membrane permeabilization (MOMP). Cyt c triggers the activation of the downstream caspase cascade leading to apoptosis (not shown). The unified model of BCL-2 family protein function in MOMP is depicted at the left. IMM, inner mitochondrial membrane. IMS, inter membrane space. See also Box 1 for a detailed description of BCL-2 family proteins. a) The effectors undergo a multistep activation mechanism culminating in oligomerization as illustrated in the flow diagram. At least four and five distinct conformations (numbered 1-4 and separated by dotted lines) have been associated with BAK and BAX during MOMP, respectively. The cartoon representation of the structure of the BCL-2 core of BAK (helices α1-α8) at the top left orients the initial model for both BAK and BAX by centering the core on helix α5. BAK is constitutively targeted to the OMM by α9 (conformation 1), and BAX resides primarily in the cytosol (conformation 1a). During apoptosis, direct activator BH3s (red circle) allosterically engage the non-canonical groove of BAX, releasing α9 from the BC groove (the helices that comprise the BC groove are labeled in red font, i.e. α2-α5, α8) on the opposite face and facilitating α9 OMM targeting (conformation 1b). Conformations 1 of BAK and 1b of BAX are considered dormant, as the OMM insertion of helix α9 does not lead to MOMP. Both effectors are directly activated by BH3 engagement at the canonical BC groove (conformation 2). Possible mechanisms for effector conformational changes associated with monomer insertion in OMM include a N-and Cterminal bundle separation for BAK, and a latch and core separation for BAX (conformation 3). Both effectors form seemingly symmetric dimers by a BH3 interaction of one monomer to the canonical BC groove of another (conformation 4). A second unstable interface may be mediated by α6 (indicated by black and blue brackets). Helices actively involved in the step-wise mechanism are shown with a thick outline. Inserted helices are colored light blue like the OMM. OMM is represented by the light blue background. b) A low-resolution crystal structure of the "BH3-into-groove" dimer has suggested that a hydrophobic a) The basic DNA binding domain of p53 binds an acidic lobe of BCL-xL (shown in yellow) comprising the C terminal segment of α1, α3, the loop between α3 and α4, and the C terminus of α5. This non-canonical binding site lies outside the BC groove of BCL-xL (the helices that comprise the BC groove are labeled in red font, i.e. α2-α5, α8) The four BH regions are colored according to the scheme in Figure I (Box1). b) Upon binding of PUMA BH3 (colored red) to the BC groove of BCL-xL, a π-stacking interaction between a tryptophan in PUMA and a histidine in BCL-xL induces unfolding of its α3 (colored brown) and disrupts the interface with p53. Since a tryptophan residue is only found at that particular position in PUMA, and no other BH3 domains, this regulatory mechanism uniquely confers an additional level of signaling complexity to the PUMA-BCL-xL interaction that is absent in other pairs of interacting BCL-2 family proteins. The electrostatic potential on the surface of BC grooves reveals the similarities and differences between folded BCL-2 family proteins, which ultimately dictate the specificity of the binding pairs as summarized in Box 1. Sequence homology highlights features shared by BH3 ligands, including up to seven hydrophobic residues that engage six pockets along the BC groove (labeled 1-6 in the sequence alignment and in the structures) and a conserved Asp always found in a salt bridge (labeled *) preceded by a small residue (labeled #). Peripheral to these positions, which are marked in each structure panel, there are additional interactions, many electrostatic in nature, that contribute to the specificity. For instance, in the BCL-2-BAX complex three positively charged Lys and Arg residues (blue in the alignment and identified by arrows in the structure) were shown to be essential for the affinity of BAX for BCL-2. In addition to the specificity, the BC grooves have evolved to be selective only for certain BH3s; others typically produce structural clashes when modeled based on the known complexes. Up to four residues in BAD BH3 and Noxa BH3, predicted to clash, had to be replaced to directly activate BAK and BAX. Residues highlighted and underlined in human BAD and NOXA were replaced by those found in human BID BH3 for BAK and BAX activation, respectively. Interestingly, specificity of BID BH3 for BAK and BAX was conferred by minimal BH3 regions that required, respectively, a C-and N-terminal extension to a common core (sequence highlighted by dark gray). Black highlights show 100% sequence conservation. Electropositive, electronegative, and neutral (hydrophobic) patches are blue, red and white, respectively. a) Targeted apoptotic therapy addresses the upregulation of anti-apoptotic and the downregulation of activator BCL-2 family proteins in cancer and the aberrant overactivation of the pathways during pathological insults and toxicity related stress. We illustrate this be varying the size of the BCL-2 family protein cartoons to reflect the fluctuations in intracellular levels. For example, in healthy cells the BH3-only protein levels are low and their pro-apoptotic activities are kept in check by antiapoptotic BCL-2 proteins, overall preventing the direct activator-effector axes from being engaged (left panel). In tumors, the BH3-only proteins are down-regulated and the anti-apoptotic BCL-2 proteins are upregulated, together preventing MOMP.
Compounds that mimic the activities of BH3-only proteins can be used to activate the effectors and inhibit the anti-apoptotic BCL-2 proteins (middle panel). On the other hand, compounds that inhibit the effectors may be used to block excessive cell death in healthy tissues susceptible to chemotherapy and radiation therapy or in healthy or diseased tissues prone to ischemic cell death. b) The most promising therapeutics have been designed at Abbvie for the anti-apoptotic BCL-2 family proteins, including ABT-263, which targets both BCL-2 and BCL-xL, and the BCL-2-specific compound ABT-199. Both compounds take advantage of scaffolds that engage the BC groove from the third hydrophobic contact (occupied by a conserved Leu in BH3 ligands) to beyond the fifth. These compounds have also been engineered to explore the electrostatic landscape of the BC
